Introduction
Highly ionic copper(I) salts (salts with very large non-coordinating anions and devoid of ion-association in solution) are known to be unstable in the solid form as well as in the solution state [1, 2] . The stability of copper(I) complexes depends upon the nature of the anion, the ligands, the neighboring atoms, and considerably upon the choice of solvent. Concentrated copper(I) solutions find applications in the hydrometallurgical purification of copper and silver [2 -4] , therefore stabilization of copper(I) is an industrially important subject. Some highly ionic copper(I) salts like the tetraacetonitrile copper(I) perchlorate [Cu(CH 3 CN) 4 ]ClO 4 and the related nitrate, tetrafluoroborate and hexafluorophosphate, as well as the more stable bis(2,9-dimethyl-1,10-phenanthroline) copper(I) salts [Cu(DMPhen) 2 ] + with anions ClO 4 − , NO 3 − , BF 4 − and PF 6 − , have been prepared and extensively investigated in solution [5 -11] . Whereas Ndonor ligands stabilize the above copper(I) salts, those with the anion Cl − , Br − , I − , and CN − gain stability from more covalent bonding interactions with the counterions. Such "covalent copper salts" can also form polynuclear species [1, 12 -15] . As we are interc 2011 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com ested in solid and solution properties of only highly ionic copper(I) salts, we investigated Cu(I) in combination with sulfates as weakly coordinating counterions. Copper(I) bisulfate and copper(I) sulfate are both highly ionic, however, have never been prepared in the solid form [2] . We report here a simple and quick method for the preparation of the acetonitrile solvates [Cu(CH 3 CN) 4 ]HSO 4 , [Cu(CH 3 CN) 4 ] 2 SO 4 and their derivatives with DMPhen as a bidentate ligand, as well as for the solvent-free Cu 2 SO 4 .
Experimental Section
All organic solvents were AR grade and obtained from various sources already reported [16] . They were further purified by literature methods [17] . Copper(I) bisulfate tetraacetonitrile and copper(I) sulfate octaacetonitrile were prepared by adopting methods reported by Hathaway et al. [5] and Gill et al. [18] for the preparation of [Cu(CH 3 CN) 4 ]ClO 4 (details are given below).
Preparation of [Cu(CH 3 CN) 4 ]HSO 4 10.0 g (40.0 mmol) of copper(II) sulfate pentahydrate (CuSO 4 · 5H 2 O) was dissolved in a minimum quantity of hot water (5 mL) containing 3 -5 mL of concentrated H 2 SO 4 . The solution was stirred at 70 -80 • C, and 40 mL of acetoni-trile was added. Excess of pure copper powder (10 -12 g, 99.5 % purity) was then added to the vigorously stirred solution. Completeness of the reaction was indicated when the solution became colorless (occasionally the excess copper metal powder was allowed to settle). The solution was then filtered and cooled at −10 to −20 • C, but no solid separated out. To increase the concentration of the solution, there were two alternatives. One was to concentrate the solution by evaporating the solvent by heating. This method was not preferred because on heating most of the acetonitrile evaporates, thus destabilizing the solution. The second alternative which we followed was to reduce copper(II) to copper(I) by adding increasing amounts of copper(II) sulfate pentahydrate (10 g was added in five installments of 2 g each along with 2 -3 g of Cu powder at regular intervals) to the solution (50 mL, 47 mL solution + 3 ml added acetonitrile) till a very concentrated (> 3 M) solution of copper(I) salts was obtained. To know the exact copper(I) concentration, the solution was titrated against KMnO 4 Bis(2,9-dimethyl-1,10-phenanthroline) copper(I) bisulfate and bis(2,9-dimethyl-1,10-phenanthroline) copper(I) sulfate were prepared by mixing hot solutions of DMPhen (5.00 g, 24.0 mmol) and [Cu(CH 3 
Measurements
Molar conductances were measured immediately after preparation of very dilute solutions, at 1 kHz frequency using a conductometer supplied by Naina Electronics, Chandigarh with an accuracy of ±0.2 %. 63 Cu NMR spectra were recorded on a Jeol FT NMR (AL 300 MHz) broad band spectrometer at 79.585 MHz. For achieving better sensitivity, the measurements were performed in 10 mm sample tubes. IR spectra were recorded on a Perkin Elmer RX-I FT IR spectrophotometer. UV/Vis measurements were performed on a Hitachi 330 double beam spectrometer with 1 cm 3 quartz cells. All solutions of copper(I) salts for chemical analyses were prepared in acetonitrile. For the quantitative estimation of the copper(I) contents, a sample of the salt (of known weight, range 0.2 -0.4 g) was dissolved in 5 mL of acetonitrile and then 2 mL of dilute H 2 SO 4 was added to the solution. This solution was titrated against standard N/50 aqueous KMnO 4 or aqueous ceric ammonium sulfate using Nphenylanthranilic acid as indicator in the second case. The titration with ceric ammonium sulfate was found to be highly sensitive and more suitable for the estimation of copper(I) salts [19, 21, 22] .
Crystal structure determination
Single-crystal X-ray structure analyses were carried out on a Stoe IPDS-2 diffractometer using MoK α radiation (λ = 0.71073Å). The structures were solved by Direct Methods (SHELXS-97 [23] ) and refined with full-matrix least-squares methods (refinement on F 2 of all reflections using SHELXL-97 [23] ). All non-hydrogen atoms were refined anisotropically; C-bound H atoms were refined in idealized positions, the H atoms of the HSO 4 − ions were located from residual electron density peaks. 
Results and Discussion
The formation of copper(I) salts takes place in water/acetonitrile mixtures by the reaction
This reaction yields a mixture of copper(I) bisulfate and copper(I) sulfate in different ratio, depending on the quantity of H 2 SO 4 added. When H 2 SO 4 was used in excess, the bisulfate was predominantly formed and vice versa. Parker and co-workers [2] have also found that in the presence of H 2 SO 4 , both copper(I) bisulfate and copper(I) sulfate were formed in the same solution, but they were not able to separate these two salts and obtain them in the pure solid form due to the following difficulties: (i) because of extremely high solubilities of copper(I) bisulfate and copper(I) sulfate, the solid samples of bisulfate and sulfate could not be separated out from the solution even from rather highly concentrated solutions on cooling or by adding an inert solvent; (ii) the concentrated copper(I) solutions could not be stored even for a short time because they undergo disproportionation rather quickly to give copper powder and copper(II) salts; (iii) the solution was to be maintained acidic in all cases to suppress the hydrolysis of copper(I) salts under formation of CuOH which separates out as a yellow mass; (iv) while preparing the concentrated copper(I) solutions from dilute solutions by heating, most of the acetonitrile was lost, and thus copper(I) solutions became unstable. In the present work we took care of all these difficulties by preparing copper(I) bisulfate or sulfate solutions by following a different protocol for obtaining highly concentrated 4 ]ClO 4 solution in acetonitrile taken as a reference in all of our previous NMR measure- ments) [24 -28] . This line width confirms the symmetrical (tetrahedral) geometry of the copper coordination sphere in solution. In sharp contrast, the 63 Figs. 1 and 2) , which underline the less and more distorted CuN 4 tetrahedral coordination of the two cations, respectively.
Both copper(I) salts and their DMPhen derivatives can be dissolved in acetonitrile giving colorless and orange-red solutions, respectively. The colorless solutions do not show any absorption band at 760 nm for the copper(II) ion. If this solution is stored for a long time it turns blue and shows an absorption band at 760 nm. The UV/Vis spectra of the [Cu(DMPhen) 2 ]HSO 4 and [Cu(DMPhen) 2 ] 2 SO 4 complexes, which gave orange-red solutions in acetonitrile, showed a strong absorption band at 460 nm (ε = 12500 dm 2 mol −1 in acetonitrile; also see Table 1 ), which is a typical charge transfer band for this kind of copper(I) complexes in various non-aqueous sol- 4 were measured in a number of organic solvents like acetonitrile (AN), acetone (AC), methanol (MeOH), N,N -dimethylacetamide (DMA), dimethylformamide (DMF), and dimethylsulfoxide (DMSO). Copper(I) salts with tetraacetonitrile solvates are relatively less stable in organic solvents while copper(I) complexes with DMPhen are very stable and were studied in many organic solvents without getting converted to copper(II) salts [11] . At high copper(I) concentrations, in the case of [Cu(CH 3 4 ]HSO 4 have shown that each copper(I) ion is interacting with four acetonitrile molecules. Despite some deformation, most likely caused by packing effects, the environment of Cu is rather tetrahedral (N-Cu-N angles ranging between 104.7(1) • and 114.7(1) • ), with the bisulfate anion being well separated from the Cu(I) complex (Fig. 1) . As to deformation phenomena, we need to point out that only one of the Cu-N-C bond angles is nearly linear, i. e. 179.18 (15) • whereas the other three Cu-N-C angles range from 169.32 (14) to 172.35 (15) • , while in case of the benzonitrile complex [Cu(PhCN) 4 ]ClO 4 such values are reported to be almost equal. Hence, fluxional behavior of these nitrile ligands can be expected for [Cu(RCN) 4 ] + in solution, thus generating an average tetrahedral CuN 4 coordination sphere. Some X-ray diffraction studies of similar highly ionic copper(I) complexes have been reported in the literature where the tetrahedral geometry is maintained around the Cu + ion [10, 32, 33] . In the 1 : 2 complex with the bidentate ligand 2,9-dimethyl-1,10-phenanthroline (Fig. 2) the tetracoordination of copper(I) is maintained. The N-Cu-N angles, however, clearly deviate from tetrahedral ( Table 5) . As the five-membered DMPhen chelate rings cause the sharp bite angles of ca. 82 • (which are similar to intra-chelate N-Cu-N angles of other phenanthroline and bipyridine Cu(I) complexes) [34, 35] , this deformation is retained in solution, thus rendering the 63 Cu NMR line width of these chelate complexes much broader than that for the acetonitrile complex.
Conclusion
Copper(I) bisulfate and sulfate are two unstable and sensitive salts which suffer oxidation in air and disproportionation in aqueous solution. They can, however, form very stable derivatives with 2,9-dimethyl-1,10-phenanthroline. The crystal structures of the bisulfate salt and its DMPhen complex have been determined.
The rather soft N-donor atoms of both acetonitrile and 2,9-dimethyl-1,10-phenanthroline set up a more or less distorted tetrahedral coordination sphere around the Cu + ion. Higher symmetry is found in the case of CN) 4 ]HSO 4 than in its derivative. Both salts and their derivatives with 2,9-dimethyl-1,10-phenanthroline behave as strong electrolytes. Most notably, the acetonitrile solvate of [Cu(CH 3 CN) 4 ] 2 SO 4 can be converted into pure Cu 2 SO 4 , thus providing an easy route for the preparation of this otherwise hardly accessible salt.
